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FOREWORD

Phe cquations ased in determining Centaur aft bulkhead stresses and
2 deflections are derived and summarized in the main body of this report.
'i‘hese stresses and deflections, for various loading conditions, are
aphically presented,in Appendix A.

Numerical computation of the Appendix A data was accomplished on
General Dynamics: Convair's (at that time Astronautics') TBM 650 compu-
ter by ML Fox, who also prepurcd the related figures.

Fiads study was conducted voder the provisions of Contract NAS3-3232,
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SUMMARY

The Centaur aft bulkhead (AC-6 and on) is considered to be an isotropic
shetl of constant thickness,  Scaled deflections and stress resultants are
determined for the bulkhead under loading conditions based on uniform

. internal pressure and on liquid oxygen head pressure.

.

figure A-1 (in Appendix A) is 4 plot of "hoop radius" (ry) against aft
bulkhead station. Figures A-2 through A-13 present scaled deflections
and stress resultants versus rg for the six loading casés listed in Table
A-1. Thus to find the value of a scaled dellection or stress resultant
at any stution on the aft bulkhead, first find the value of ry (from
Figure A-1) corresponding to that station, then determine the value of
the desired parameter from the appropriate tigure,

res

Dy suitable superpesition und internalation.” many different tanking

situations may be investigated (see example, Subsection Al.2). Also,

all values citn be determined for hiquids other than liquid oxygen by
scaling of the plotted values, since all quantities vary linearly with
specific weight (): an example of this type is given in Subsection A1.2. 3.

v/vi
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- LIST OF SYMBOLS

Symbol Description

y Specific welight of liquid (weight per unit volume)

.

Angle between normal to shell and axis of revolution

9 Angle between plane containing meridian and some datum plane
r, Radius of parallel circle ("hoop' radius)
I Meridional radius of curvature
r. Radius of curvature in plane normal to meridian
N¢ Meridional membrane stress resultant
‘ NQ Hoop direction membrane stress resultant
Py Load per unit surface area, in direction normal to surface
p¢ Load per unit surface area, in meridional direction
D €4 Strain in meridional directi(;n
€q Strain in hoop dircctign
v Poisson's ratio ‘
I Young's modulus
t Shell thickness
I vV, W AMeridional and normal deflection, respectively
M Axial and radial detlection, respectively
Y Rotation of tangent to meridian
0 Polar angle
X V. Z Cartesian coordinates (v in axial direction)
a,b Semi-major uand semi-minor axis, respectively, of an ellipse
v Distance from equator of ellipse to free surface of internal liquid
h Distance from point of observation to free surface of internal

I liquid

ix
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LIST OF SYMBOLS (CONTINUED)

Description

Load factors in corresponding Cartesian direations

Volume (in {13) of aft bulkhcad aft of Station (410.0 ry)
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SECTION 1

INTRODUCTION

1.1 SCOPE

This report presents aft bulkhead stresses and deflections derived by application
\ of lincar, small deflection membrane theory (see Reference 1, Chapter 14 and
Reference 2, Chapter 2y, The aft bulkhead is considered to be an isotronic shell of

constant thickness; no account is taken of discontinuity bending stresses.
P.2 METHOD OF ANALYSIS

Scaled detlecuons (scaled by t, the thickness) and stress resultants are presented
explicitly for the aft bulkhead geometry under two types of loading conditions:

A, tniform internal pressure (sce Figures A-2 and A-3).

b, Liquid oxygen (y = 69,0 1h/{13) head pressure

(see Figures A-1 through A-13).

Axial deflection (u) at Station 410 is taken to be zero.

= ' 1-1/1-2
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SECTION II

DEVELOPMENT OF STRESS AND DEFLECTION
EQUATIONS

2.1 GENERAL SHELL EQUATIONS

General shell equations for linear stress resultants in a shell of revolution
Figure 2-D under axisyvmumetric loading are developed below. Figure 2-2 illustrates

{
toads and membrane stress resultants on a differential element of a shell.

\«
3
Figure 2-1. shell of Revolution Figure 2-2. Geometry and Stress Resultants
From Figure 2-2:
rg ro,sing (z-1

The equations below, extracted from Reference 2, Page 23, are the basic differ-

ential equations for the stress resultants:

d . N e ‘ 2-2
To oYy T Ng coso o pg Tt @2
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N .
.__i + _Q = pr (2"3)
rw 2

From equations 2-2 and 2-3, we can get an explicit rela.ion for N¢:

i

No * VI'p:‘sina ¢ [fr’- Iz (Prcosd-py sind) siné dé+ C, e

Equation 2-4 is simply a condition of over-all y-direction equilibrium for the
\ part of the shell below the paraliel circle ¢ = constant; the constant C, takes account of
concentrated force. Ng can be determined from equation2-4 andthen Ng can be
found from equation 2-2,

2.1.1 HOOKE'S LAW. Hooke's law expresses the linear stress-strain relation
for an isutropic material. The equations below, which are taken from Reference 2,
Page 87, are based on this relationship:

1

¢ g No- VNg) : . (2-5)
1

9 " o (- VN -6)

2.2 GENERAL AXISYMMETRIC SHELL DEFLECTIONS

General axisymmetric shell deflections are illustrated in Figures 2-3 and 2-4.
The deflection equations that follow are taken from Reference 1, Page 446.

+w
|

A*_H
e r“_
. Figure 2-3, Axisymmetric Shell Figure 2-4. Relation of Deflections

Deflections

e
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® sl Uf@ »cp] -7

where

_ 1 .
f@) - T Ng(r, *Vr,) - Ng(r.*+ vr,) 2-%)
and
v w
€ S cot ¢ -—— ; Or
9 1'2 s
W -V ocot ® mrpeg (2-9)
Also,
- ,oov dw (2-10)
Em.vaf- ¥ Iy r1 d(:)
Emcevey

From Figure 2-4:
o) - W Ssind + veosae,
or, using cquation 2-9:
o
& €4 ro (2-11)
Again, from Figure 2-4:
M~ -wcosd-vsing
or, using equition 2-9:
ju é v
~€pTy cot © - ——
"o sind

Substituting for v from equation 2-7 and for €p from equation 2-11:

) o f
w- 8 cot a-/___ d$ + C, (2-12)

where C, is determined from a boundary condition at a support.

[3V]
1
[9%]
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Combining equations 2-9 and 2-10:

1 d d
y :}T V+d_¢ (v cot 4;)—@ (rzee)]

Using equation 2-7, after differentiating and simplifying we obtain:

d
tane 4 (l‘aﬁe)] : (2-13)

2.3 SUMMARY OF EQUATIONS FOR STRESS RESULTANTS AND DEFLECTIONS OF
A SHELL OF REVOLUTION UNDER AXISYMMETRIC LOADING

A convenient set of equations for determining stress resultants N¢ and Ng, and
the scaled deflections 6t, ut, and t are:

. . .
Ng = ¥, St [r1 rz (Prcosé - py sind) sin¢ dé+ C1] (2-4)

where C, accounts for concentrated force

1

4 N :
Ng= r2 (Pr‘ ¢) from (2-3)
r
pt = ‘:f (Ng - vNg) from (2-5)
ot = (eet) I'o ' from (2-11)
. (¢ F® 4 _
wt= o) cot 6 [ de c from (2-12)
where,
‘ 1
f($) = ) lNCb(rl + vrp) - Ng(ra + vrl)] from (2-8)

and C, is determined from a boundary condition.

117 d '
#/t = E‘[‘{;(r% —‘ajg (ra . eet)] from (2-13)

o
|
kS
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{f the scaled Jdeftections vt and wt ace desired ni addition to the scaled deflections

ot and @t, inspection of Figure 2-4 gives:

v o obeose - W sing and w0 snd - heos o
ol
vt o (Ot cosd - (W) sine (2-14)
wt - -(0t)sind - (Wtycos ¢ 2-15)

2.4 GEOMETIRY OF AN ELLIPSE

Rudii of curvature are found us functions of the Cartesian coordinutes x and y;
these cootdinates in turn are related to the polar angle 2 (see Figure 2-5). Use of
these coordinutes is more convenient (for numerical computation and subsequent use
of the daty obtained from computation) than use of the surface coordinate 6.

SECTION A-A

Lot v]

Figure 2- 5. Geomelry of an Ellipse

lhe equation of an cllipse 1s:

5 )‘l'd
=3 T 1. ot
t b
v i
AN aflo- :'é‘ o (2"1())
\ b/
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| SR
|
3 b3
r- o r‘ ——e
1 2 a4
Also,
siné = — ; or
2
¢ = sin~* T5

(Reference 1, Page 440)

(2-17)

(2-18)

(2-19)

(2-20)

Thus, starting with a value of y, the values of r, (=x), ry, ro, and ¢ can be

determined.

It should be mentioned that the numerical work for determining aft bulkhead
deflections (as well as the numerical work on bulkhead geometry in Reference 3) used

the polar angle (2 in Figure 2-5, but called § in Reference 3) as the running parameter.
The equations required if the polar angle is used are:

g
¢}
"

x=ytanQ

1

S fanta | T\
3.2 bS .

¢.5 AFT BULKHEAD DEFLECTIONS UNDER ULLAGE OR LIQUID PRESSURE

The uft bulkhead cross-section is elliptic in shape as illustrated in Figure 2-6.

B\

B )
e
——

EQUATOR OF ELLIPSE
(STATION 410 ON AC-6 & ON-TYPE
AFT BKHD.,)

2-6

Figure 2-6. Aft Bulkhead
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a - 43.5 in. E =~ 27.0x 10%psi {Reference 4,
Memo 12. 1; approx average room

b= 60 in.
temperature E)

Vo 0.380 (elerence 1, Puge 97)

We take g -~ U at the equator.

N oorw FIRCI LTS ISRA BATTTE v rsnT B e v lT T Ty TT oy \ c . .
2 5.1 UNIFORM INTERNAL PRESSURE. For-uniform internal pressure

(vltage pressure):

Py - 10 pai

(Cuse I, 10 psi chosen us a

convenient "unit" pressure)

py - U

(3]

Note thuat tor this choice of ppoand pg, equation 2-4 simplifics to:

Ng- L = 5ry  (For pp - 10 psi)

2.5.2 LIQUID PRESSURE. For liquid pressure (from LOy):

iU

t .
P 7 h 1799 =V (Cuses 11 through VI)
S P/Ty -

1o

b, ¢

Note thut for this choice of p, and pe, equation 2-1 simplifies to:

/ v

- \7 . A
v \

‘\‘(t . =+ h I
2 \7r,sind

GY. 0/ N hr,
2 \mrysiné 1723

(2-21)

(2--22)

where Voo volwe (in cubice fect) of alt bulhhead below Station (310.0 ¢ y).

In the pregramming of this type of loading, if h<70, h and p,. ure assumed to

be zero.

(3]
t
-3
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2.5.3 APPLICATION OF EQUATIONS. For computation, we use the above p,.
inuds: the values of a, b, E, and v (Page 2-7); the simplified relation (either equation
2-21 or 2-22) for Ng; the geometrical relations (equations 2-16 through 2-20);
and the equations summarized in Subsection 2. 3. Using these quantities and relations,
| we determine the stress resultants and scaled deflections in the aft bulkhead under
various loading conditipns; these conditions are detailed in Table A-1 of Appendix A.
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APPENDIX A

\ ' NUMERICAIL DATA

Al.1 USE OF NUMERICAL DATA

Figure A-1 is a plot of ragainst station for Centaur AC-8 und on aft bulkheads.

Results of numerical work for the loading conditions listed in Tuble A-1 are shown

in Figures A-2 through A-13; in these figures all quantities are plotted against 1y (+%).
| Thus to find the value of uny scaled deflection or stress resultant at a particular sta-
tion on the aft bulkheud, find the value of r, corresponding to thut station from Figure
A -1, and then find the value of the scaled deflection or stress resultant from the up-

propriate figure. By suituble superposition and interpolation, many different tanking
\ situations muy be mvestigated (see examnple, Subsection Al.2). Note also that all
| quantitics can be determined for tquids other than 1.0, by scaling of the plotted
values, sihce all quantities are lineur with ¥y (sce Stuhsection A1 2. 3).

Al.2 EXAMPLE OF USE OF NUMERICAL DATA

Assume we want O and N at Station 430. 0 for LO., tanked to Station 400. 0 and .
1705 pst ulluge pressure.
Tank thichnes:  t 0. 01% 1.

v, 08l (AL Station 156 0

Al. 2.1 O CALCULATION.  The detlection (§) at Station 400. 0 is determined

as Ffollows
L

Tor Lo, tanhed fo Statlon $==.y:
Ot = -0 00d - o Y ol g Sol Lo

For LOs tunked to Stution 410, 0:

g

bt - voon6 = 1o in T (at g - 0301 i)

For 1.O» tunhed to Statton 400, 0 (interpolating tinearly):

(0.056 <107 = (.05 £ 107)

Ot - -0 06 Y7 == (410 -~ 100)

-f
. (310 - 38%)

C-0.005 - 107 Lt
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. For 10 psi ullage pressure:
| 5t = +0.067 x 10~° in.? (at rg = 53.1 in.)
For 17.5 psi ullage pressure:

ot = 116” (+0.067 X 10~7) = 0.117 x 10~" in.?

Total Bt = 0.117 X 10-2 = 0.055 x 10> = + 0.062 x 10~~ in.?

| bt  +0.062 x 10~°
§ =~ = —" = - or
t 0.018

5 - 0.00344 in,

Al.2.2 N¢ CALCULATION. The meridional membrane stress (Ng) is determined
as follows: !

For LO2 tanked to Station 388. 0:
f. Ne= 72 Ib/in. (at ry = 53.1 in.)
For LOj tanked to Station 410. 0:
Ny = 44 Ib/in. (at ry = 53.1 in.)
For LOj tanked to Station 400. 0 (interpolating linearly):

N, - oaa . (727
¥ (410-388)

24T N 4 nonn -
\TLIV T o Tuv) — U

7

v/ in.
For 10 psi ullage pressure:

Ng = 327 Ib/in. (at r,=53.11in.)
For 17.5 psi ullage pressure:

17.5
Ne = = 5= (327) - 572 Ib/in.

Total Ng = 57 + 572; or
Ng = 629 1b/in,
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Sl Bntion B G oy walor (Y el

CALUCULAGTION

atluge pressure:.

bbb,

v D301 i e AN Statron 4

G

FOR WA TER.
4 AU ) fanked to Station 1000

0.0y

Assume now thit we want to determine

and 170 pet

Al that nust be done 15 to scade down the Neovalue (for 1Oy tanked to Stition

, 0000 by the ratie v v

Tor

N(’y . ’ (-‘)4‘)

As hetore (o 17,

Wate s

Yo T, on

Prdihet b Statiom 0o, o

> ib i,

e

~ ; -y -
N o ol OF
. H 4o i

108 SUMNMARY OF NUMERICAT DATA (AC-68 AND ON-TYPE AFT BUT RITE A ‘N

Poagpand i

Adt bt h

Case

1.l

i o(and niny e

ot o vy i),

FARLE A~ AFT

Desceription of

Loading

Unitormn Interna! Fressure
P00

b1y 0

I.(,‘M» tantyed to Station
1Cr
I'()Z
I‘()’J

l.(’_‘) tanked 1o

tankoed to Station
tanbod to Station 3=5.0
Station 3716

Statien 563,

tanked to

T

Noto:

*oSee Figure 2-6.

d bulkhead s assamed 1o have g specific weight ¥ of 69,0 b0t .

in i ie asswaed to be at vest, 1. e,

LOADING CONDITIONS

Figure Ulluge

No.

JOUS N

*Liquid "
Level (v,)(in.)

A= A-3 43,
CA-1.A-D 22,0 : N
CA 6 A-T 0 0
A S, A-Y L =Rz i 0
A-10u AL l
A=, A

"Pressure (psi)

e ——— e Y [P
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